SUPPLEMENTAL EXPERIMENTAL PROCEDURES
by Western blotting against PBP2 antiserum and the mass spectra of the pooled fractions were obtained on a MALDI/TOF mass spectrometer. The antiserum was raised against pure recombinant PBP2 (Plettner, et al., 2000) . For the experiments, 500 µL of T-PBP2 protein was further purified by FPLC using a UnoQ column (BioLogic DuoFlow™ Chromatography System, Bio-Rad), dialyzed overnight against 20 mM Tris pH 7.4, concentrated in NANOSEP™ Microconcentrations (Pall Filtron) with a 3 kDa molecular weight cut off and delipidated by incubation with buffered charcoal. The final concentration was calculated using the OD at 280 nm and an ε value of 8480 M-1cm-1.
Peptide Mapping
The dansylation sites were identified by peptide mapping. CNBr digestion and chymotrypsin digestion were performed separately on both DNS-PBP and nondansylated PBP samples. For CNBr digestion, 1 mg of the protein was dissolved in 200 µL 70% trifluoroacetic acid (TFA) solution and then reacted with 1 mg CNBr at room temperature for 24 h. The sample was speed vacuum dried and dissolved in 100 µL 0.1% TFA. For chymotrypsin digestion, 50 µg protein in 50 µL buffer (100 mM NH4HCO3, 2 mM CaCl2, pH 8) was added to 10 µg chymotrypsin dissolved in 2 µL of the same buffer. The mixture was sonicated for 10 min in a water bath and then incubated at 37 ˚C for 24 h. The reaction was terminated by flash freezing the sample with liquid nitrogen. Peptides were analyzed by MALDI with a sinapinic acid matrix. 
Compostions of DNS-PBP2
For the analysis, 50 µL of the concentrated DNS-PBP2 samples would be run through the FPLC (BioLogic Duo Flow Chromatography System, Bio-Rad Laboratories, Hercules, CA), which was fitted with a UNO Q-1 anion exchange column. Sample was eluted using an increasing salt gradient consisting of two buffers: Buffer A is 20 mM Tris pH 7.4 and Buffer B is 20 mM Tris, 1.0 M NaCl pH 7.4. Figure S2 . FPLC Spectra for DNS-PBP2 Each peak was identified by MALDI (1: nonmodified PBP; 2: monodansylated PBP; 3: didansylated PBP). The integration area for each peak was used for calculating the DNS-PBP composition, as shown in Table S3 . (Pace, et al., 1995) c. N/A = not applicable GC Calibration (+)-Disparlure/hexane standard solutions ranging from 10 µM to 50 µM were prepared and one µL of each solution was injected on the GC. 
Binding Affinity Validation of the Fluorescent Proteins
We incubated 2 µM PBP2 and DNS-PBP2 with 4 µM and 20 µM (+)-disparlure overnight, respectively. The protein-bound ligand was separated from the free ligand by P2 gel filtration and then was quantitated by GC. To compare the dissociation constant, K d , of the modified and nonmodified protein with (+)-disparlure, GC binding assays were performed with a Varian 3400 gas chromatograph (GC), operated in splitless mode and fitted with a flame-ionization detector (FID). For incubation replicates, the protein (DNS-PBP2 or PBP2) was diluted to 2 µM and a final volume of 1.5 mL. The ligand, (+)-disparlure was added in EtOH (0.6 µL of a 10 mM stock solution) to give a final concentration of 4 µM. This mixture was incubated overnight at 4 °C. Protein-bound and free pheromone were separated by gel filtration on small (0.3 g) columns of Bio-Gel P2 (BioRad, 2 kDa exclusion limit) in a 1000 µL pipette tip with a cotton plug (Plettner, et al., 2000) . The eluate, which contained the protein·(+)-disparlure complex, was extracted with 3 × 500 µL hexane: ethyl acetate (1:1). The organic extracts were combined and run through the GC. The control assay without protein has revealed a 96% filtration efficiency of the column, which was taken into consideration later in calculations. In the case of T-PBP2, the incubation mixture and separation procedure was modified because of its weaker affinity to (+)-dispalure. A solution of 400 µL, 2 µM T-PBP2 was incubated with 4 µM (+)-dispalure and 320 µM of CHAPS (3-[(3-Cholamidopropyl)dimethylammonio]-1-propanesulfonate) on ice for 3 hours. The detergent was included to minimize ligand adsorption on the glass vial. Half of the solution was passed though a Bio-Gel P2 (0.08 g) column in a 200 µL tip. Half was transferred to a new glass vial. Both solutions were extracted with 2 x 100 µL hexane : ethyl acetate (1:1). In all cases, a control assay with the same amount of ligand but no protein was conducted in parallel. Both proteins gave characteristic CD spectrum for an alpha-helix structure and they do not differ significantly. 
Circular Dichroism Spectra for PBP2 and T-PBP2

Reaction Rates of PBP2 and T-PBP2 with (+)-Disparlure Measured with the GC Assay
Optical Properties of DNS-PBP2
For initial trials, both DNS and Trp (λ ex = 295 nm) fluorescence intensities were measured for each protein sample. No fluorescence resonance energy transfer from Trp to DNS was detected. As in PBP2, the Trp fluorescence in DNS-PBP2 did not change upon ligand addition, but the fluorescence of DNS group decreased significantly ( Fig. 2A) . Therefore, subsequent kinetic measurements were made by exciting at 340 nm and following DNS fluorescence. All the fluorescence measurements were done with a PTI fluorometer equipped with a 710 photomultiplier detection system. To convert the measured decrease in DNS intensity to changes in protein-ligand complex concentration, we performed the following correlation. A series of mixtures with a total protein concentration of either 2 µM or 4 µM, and varying proportions of PBP·ligand complex were prepared. The DNS-PBP·ligand complex was obtained by incubating DNS-PBP with 10 × excess of ligand overnight at 4 °C. The protein with bound ligand was separated from the free ligand by gel filtration on small columns of Bio-Gel P2 (0.3 g) in a 1000 µL pipette tip. The filtrate containing the PBP·ligand complex solution was aliquoted and flash frozen with liquid N 2 . Aliquots were thawed immediately before measurement. The percentage of the total PBP-ligand complex in each aliquot, p, was evaluated by a parallel extraction of the aliquot and quantification by GC. For the assays, fresh DNS-PBP stock, which never came in contact with any ligand, was added to obtain a constant total protein concentration, [P] total . In each series, the concentration of the ligand-containing protein ranged from 0 to ([P] total × p) µM.
Kinetics Measurements Association of DNS-PBP2 with (+)-and (-)-Disparlure
After adding the ligand to the protein solution, I dns decayed. We linearly fit the initial decay, usually within 80 s. The slope of the straight line (s = dt dI dns ) was used later to calculate the association order, as described below. From the validation (see Fig. 2A and 2B), we know that I dns is proportional to the PBP·ligand complex concentration, ie. I dns = a [PBP·L] , where a is a constant. Therefore,
The initial rate,
where V 0 = initial linear rate of the slow phase, k on = slow association constant, P 0 = free protein concentration extrapolated to t = 0 L 0 = free ligand concentration extrapolated to t = 0. If L 0 is in much excess, we can plot logV 0 against logP 0 , and L 0 is a constant:
To get the m value, by replacing V 0 with s, it comes to be 1 log log log log log log log log log
Therefore, by plotting log(s) against log(P 0 ) , we can get m value from the slope when L 0 is in much excess.
Association of T-PBP2 with (+)-Disparlure
The association progress curve of T-PBP2 with (+)-disparlure was first performed with 100 µL solution (2 µM protein and 10 µM ligand), for various lengths of time (1, 5, 10, 15, 20, 25, 30 and 40 min) , four to eight replicates for each point. Same gel filtration as for PBP2 association kinetics was used here. There was very good linearity up to 40 min. Later, tests were done for the association of 2 µM protein with varied ligand concentrations (0.5, 1, 1.5, 4 and 6 µM), at 15 and 40 min (Fig. 6S ). There were at least four replicates for each point. Due to the small amount of ligand bound to the T-PBP2, 500 µL of protein solutions were used and the protein-ligand complex was separated by larger P2 columns (0.35 g/tip). The filtrate was extracted with 2 × 200 µL hexane: ethyl acetate (1:1) mixture. Then, the organic extract was concentrated down to constant volume and the condensed extract was used for GC quantification.
Dissociation of DNS-PBP2 with (+)-and (-)-Disparlure
The dissociation process is very complicated. Since DNS-PBP2·ligand complexes do dissociate slowly, when we were following the dissociation, the free protein and ligand started to bind to each other again. The association process counteracted part of the dissociation effect. Considering that the dissociation of the DNS-PBP2·ligand complex will reach equilibrium at the end, we took the dissociation as a reverse disturbance of equilibrium.
At equilibrium P eq L eq B eq At time t P eq -x(t) L eq -x(t) B eq + x(t)
Because both P and L came from the dissociation of the DNS-PBP2·ligand complex, P·L, we assume that, P ≈ L at any time. This allows us to simplify the expression to: 
where η is the solvent viscosity, k is the Boltzmann constant, T is the absolute temperature and V is the volume of the rotating particle. Combining Eq. (4S) and Eq. (5S) and rearranging,
By measuring the fluorescence anisotropy as a function of viscosity at constant temperature, one may obtain the hydrodynamic volume of the rotating particle from the slope of a plot 1/r vs. 1/η (Flecha, et al., 2003 , Kublickas, et al., 2006 . To evaluate the extent of PBP multimerization, it is necessary to estimate the hydrodynamic volumes of the monomeric PBP. The hydrodynamic volume of a solvated macromolecular particle of arbitrary shape can be expressed as follows:
where ν 2 is the partial specific volume of the macromolecule, ν 1 0 is the specific volume of water, and δ is the hydration factor of the protein (Tanford, 1961) . Both ν 2 and δ values can be estimated from the amino acid composition of the protein (Kuntz, et al., 1974 , Perkins, 1986 ). An average value of 0.037 of the positive error between the calculated and experimental hydration factors from 6 proteins was taken into account (Kuntz and Kauzmann, 1974) . 
Lifetimes of Tryptophan in PBP2
Fluorescence lifetime measurements were performed with an Edinburgh Instruments OB 920 single photon counter. The excitation wavelength was 300 nm, while the emission was measured at 340 nm. The bandpass for the excitation and emission monochromators was ca. 16 nm and the number of counts collected at the maximum intensity was 2,000. The instrument response function was recorded using Ludox to scatter light at the excitation wavelength and the instrument response function was deconvoluted from the fluorescence decay curve when fitting the decays to the sum of two exponentials. The quality of the fit was judged by analyzing the χ 2 values (0.96 -1.11) and by visual inspection of the residuals and the autocorrelation.
Amplitude average lifetimes were calculated using the equation (x), where τ i are the lifetimes and A i the pre-exponential factors. The sum of all pre-exponential factors is unity:
The tryptophan lifetimes were measured for 2 and 10 µM protein solutions. Tests were conducted with the ligand-free protein and with protein that had been incubated with 10 µM ligand overnight. The same combinations of PBP and ligand as in the anisotropy tests were used. In the absence of ligand the lifetimes and pre-exponential factors do not depend on the protein concentration (τ 1 = 6.09 ± 0.09, A 1 = 0.57 ± 0.3, τ 2 = 3.4 ± 0.1, A 2 = 0.44 ± 0.03), while in the presence of ligand the lifetimes and preexponential factors change continuously with the increase in the protein concentration.
Estimates of Ligand Doses and Concentrations Encountered in Nature A) Dose, rate and timescale of overall (external and internal) ligand-PBP association at the behavioral threshold
The behavioral threshold for the sex pheromone detection of a male moth has been determined with the silk moth, Bombyx mori (Schneide.D, et al., 1968) . They determined the threshold of detection as 1 x 10 4 molecules/mL at a linear air velocity of 57 cm/s. Further, they estimated, using radioactive pheromone, that approximately 1.4 x10 4 molecules are adsorbed per antenna. An antenna (e. g. of a male gypsy moth) has ~ 10 4 sensilla trichodea, evenly distributed over the anterior (= upwind) and posterior (= downwind) branches (see Fig. 1 , manuscript) (Scheffler, 1975) . This means that, on average, approximately 1-2 molecules adsorb per sensillum. However, the total size of the antenna (Fig. 1) is larger than the size of typical odor plumes (Fadamiro, et al., 1999 , Vergassola, et al., 2007 and, only ~ 10% of the air passing through the anterior leaflet of the antenna reaches the posterior leaflet (Vogel, 1983) . Therefore, not all sensilla available will adsorb odorant during one particular stimulus. Assuming that ~ 10 molecules adsorb per stimulated sensillum during a 1 s stimulus at the threshold, we can estimate the concentration of pheromone in the lymph, [L] , because the internal volume of sensilla trichodea is ~ 1 pL (Scheffler, 1975) . Therefore, the [L] accumulated in 1 s at threshold stimulus flux, if all molecules enter the lymph of the stimulated sensillum is: 10 molecules / (1×10 -12 L × 6.02×10 23 molecules· mol -1 ) = 1.66×10 -11 mol/L ≈ 17 pM
The average concentration of PBP in the sensillum has been estimated at 200-1000 µM (Honson, 2006) , average [P] ≈ 600 µM.
The rate of ligand binding at the internal binding site is:
, the conditions are far from V max , so we do not need to consider the fractional order in [P] seen at V max , and the rate of binding (+)-disparlure is:
At this rate, it would require approximately time ∆t to bind all the molecules accumulated in the lymph:
This binding time is even longer, if the ligand is not the preferred ligand and the k on is smaller (e. g. for (-)-disparlure the binding time would be ~ 10.2 s)
B) Dose, rate and timescale of overall (external and internal) ligand association under ~ 50% adaptation conditions.
The upper dose range of pheromone detection has been estimated for silk moth, as the point of 50% signal reduction in the electroantennogram (EAG). This reduction in the EAG intensity is due to adaptation of the antenna, and the results from a saturation phenomenon (Kaissling, 1977) . The dose at which 50% EAG adaptation occurs was estimated at 10 8 molecules s -1 sensillum -1 . If we assume that all the molecules in that 1 s stimulus enter the lymph space, then [L] works out to be ~ 170 µM. This ligand concentration is 1/3 of the PBP concentration and, thus, the system is likely approaching V max and the fractional orders in [P] , seen at V max need to be considered. So the rate of pheromone binding can be estimated as:
We found m = 0.3 -0.8 so we can estimate rates as V ~ 1.4×10 -5 Ms -1 (for m = 0.8) and V ~ 5.5×10 -7 M·s -1 (for m = 0.3). At these rates and orders in PBP the system requires between 12 s (for m = 0.8) and 309 s (for m = 0.3) to bind all the molecules accumulated during a 1 s stimulus at high dose. Furthermore, once the entire set of molecules has been bound to PBP, the remaining PBP in the lymph is less (430 µM). Thus, ligand binding should become slower with every increase in the stimulus length at high doses. Also, free ligand would accumulate, if the inverse stimulus frequency exceeds the time required for complete clearance of the stimulus into the PBP. This is probably why insects perceive odorant plumes much better when these are intermittent (Vergassola, et al., 2007) . It is interesting to note that the estimates presented here are consistent with observations made from EAG recordings. These traces typically do require ~ 3-10 s for low doses and longer for high doses to reach the baseline potential, after the end of a short stimulus. It is also interesting to note that at 600 µM [PBP], the total number of PBP molecules in one sensillum of 1 pL internal volume is ~ 3-4×10 8 . According to the EAG saturation work, the antennae start showing significant adaptation when ~ 10 8 molecules of pheromone enter the stimulated sensillum. This is consistent with our interpretation that ligand binding at the internal binding site on the PBP serves a scavenging function and that this system is saturable. Finally, the high dose of 10 8 molecules s -1 sensillum -1 is only encountered in nature when the male has found the female. The female contains 1-10 ng of pheromone in her gland, and she releases this approximately over the course of 1 hr when she is "calling". This dose of 1-10 ng/hr corresponds to ≈ 5×10 8 -5×10 9 molecules·s -1 . At this point, it does not matter if the male's antenna saturates partially to the female sex attractant, because short-range cues and behaviors become more important in guiding the interaction (such short-range signals have been demonstrated for the cabbage looper (Landolt, et al., 1990) ).
Simulation of External and Internal Ligand Binding
The internalized P.L complex has been shown to be a powerful activator of the OR in Drosophila. If the same holds true for the gypsy moth we studied here, it is of interest to determine the time scale on which this important complex forms. We know: k 1 = 6.8 × 10 4 M -1 s -1 (from (Leal, et al., 2005) ) Note:
The net rate of external binding for iteration i+1 is approximately the rate of complex P.L ex formation minus the rate of complex dissociation, in the preceding iteration i. Compared to the rate of dissociation of P.L ex , the rate of internalization is approximately 100× slower and is, therefore, negligible. The amount of P.L ex accumulated in iteration i+1 is:
The amount of free ligand left for iteration i+1 is:
The amount of L consumed in the previous iteration is subtracted, and the amount of L regained from dissociation of the total accumulated P.L ex up to the previous iteration is added. Similarly, the amount of free protein left for iteration i+1 is:
Addition of the internalization step to the external binding model
The rate of internalization is so much smaller that the external binding that one can simply add it to the external binding model, using [P.L ex ] i as the starting point. The rate of internal binding is:
[ 
The rate of internalization is negligible, compared to external binding, so [P.L ex ], [P] and [L] need not be corrected for the internalization step (i.e., they are set up as in equations (8S)-(12S)). The iterations are set up in a spreadsheet, with each iteration covering a time interval, ∆t.
The simulations were done with ∆t = 1 ms, and the validity of the simulation was checked by calculating the total ligand in the system:
[L] total i = [L] 0 for ~700 iterations. After that, [L] total i decreased by ~1% for every 100 additional iterations. 
